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Abstract 
The present work demonstrates the suitability of spectral ellipsometry (SE) to properly characterize ultra-thin (< 15 nm) 
hydrogenated microcrystalline silicon (µc-Si:H) and its possible advantages over alternative methods, e.g. Raman spectroscopy. 
For very thin µc-Si the undesirable amorphous and void-rich initial incubation layer can make up a significant fraction of the 
actual film, thereby adversely affecting the effective electrical and optical film properties. Based on SE measurements and a 
suitable model to fit the experimental data, the strong material inhomogeneities induced by the incubation layer can be analyzed 
and accounted for. This allows for (i) the non-invasive determination of the µc-Si:H film thickness and crystalline volume 
fraction and (ii) the evaluation of the material density. Using this approach, the growth behavior of µc-Si:H on different surfaces, 
the influence of doping precursor gases and different deposition parameters has been determined. A strong dependence between 
the film thickness and its density has been observed as well as its correlation with the electrical and optical properties in silicon 
heterojunction (SHJ) structures. Additionally, a good monocrystalline silicon (c-Si) surface passivation and high selectivity for 
the extraction of charge carriers from the absorber into the Transparent Conductive Oxide (TCO) electrode using n-type µc-Si:H 
as front layer is being demonstrated by high open-circuit voltages of up to 730 mV and good contacts to the TCO (both ITO and 
AZO). The approach described and demonstrated in this work provides a suitable tool to engineer the partially crystallized doped 
layers of SHJ cells with respect to their electrical and optical properties at a device relevant level. 
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1. Introduction  
Silicon heterojunction (SHJ) solar cells require front layers with low parasitic absorption and high effective 
doping in order to provide high short-circuit currents and a highly selective contact for the charge carrier extraction 
from the c-Si absorber into the TCO electrode. A low absorption can be achieved by reducing the thickness of the 
silicon thin films (SiTFs) to a minimum [1] and/or by alloying the conventionally applied hydrogenated amorphous 
silicon (a-Si:H) with e.g. oxygen [2] or carbon [3]. However, an inherent drawback of these alloys is the drop in 
doping efficiency [4] and thus their effective doping. Increasing the crystallinity on the other hand enables the 
combination of improved optical and electrical properties due to the lower parasitic absorption and higher doping 
efficiency of (partially) crystalline silicon. Hence, hydrogenated microcrystalline silicon (µc-Si:H) presents a 
promising alternative to a-Si:H and its alloys. To develop highly crystalline and ultra-thin µc-Si:H (< 10 nm) for the 
application as doped front layer in the SHJ cell concept, a suitable characterization method for µc-Si:H grown on 
amorphous buffer-layers, e.g. a-Si:H or a tunnelling oxide [5, 6], is required.  
Up to now, the characterization of µc-Si:H using e.g. TEM, X-Ray diffraction or Raman spectroscopy [7-9] is 
expensive and time-consuming. Additionally, the latter two methods show strong restrictions on the investigated 
film thickness and the used substrate as they can significantly influence the measured spectra due to e.g. background 
noise of the a crystalline substrate. Since the morphology of PECVD µc-Si:H is strongly dependent on the substrate 
(shown in this work), the investigation on different substrates e.g. glass might be misleading. Furthermore, material 
crystallization due to heat induced by the laser can also lead to false interpretations. Spectral ellipsometry (SE) on 
the other hand does not show such restrictions. However, so far it has mainly been used to investigate the 
morphology of relatively thick µc-Si [10, 11] intended e.g. for the application in thin film solar cells. In addition, 
most of the applied models did not take the strong material inhomogeneities due to e.g. void formation into account 
[12]. 
In this study, a suitable model for ex-situ SE is being demonstrated and validated to properly characterize ultra-
thin µc-Si:H. Using this model, the morphology of intrinsic layers in the thickness range of 0 - 25 nm has 
successfully been investigated. An easy way to compare the density of PECVD µc-Si:H layers using ellipsometry 
data at only one wavelength is being pointed out. Additionally, the electrical performance of n-type µc-Si:H of 
different thicknesses is being evaluated. 
2. Experimental procedure 
All the a-Si:H and µc-Si:H SiTFs were deposited via Radio Frequency (RF) PECVD in parallel plate reactors 
using a constant electrode distance d = 80 mm, generator frequency f = 13.56 MHz and power P = 50 W. The 
transition from the a-Si:H to µc-Si:H deposition regime was achieved by increasing the hydrogen flow and thereby 
the hydrogen dilution ratio R = [H2] / ([H2] + [SiH4]). The layer thicknesses were controlled by varying the 
deposition time. To deposit n- and p-type films, the doping precursor gases PH3 (0.25 % in H2) and B2H6 (1 % in H2) 
were added to the process gases, respectively. 
 Fig. 1. (left) SE model for µc-Si:H films on c-Si substrates with an amorphous surface layer; (right) 
Corresponding microstructure of these layers based on collected data. 
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Previous to the PECVD deposition, the both-side shiny etched FZ c-Si substrates were exposed to a chemical 
oxidation in a 70 % HNO3-solution to cover the surface with a dense oxide layer. This oxide either was subsequently 
removed for SHJ structures with a dip in a 1 % HF-solution or kept as amorphous oxide surface, depending on the 
investigation. For the SHJ structures, DC magnetron sputtered indium-doped tin oxide (ITO) and in-line Medium 
Frequency (MF) powered dual-magnetron sputtered aluminum-doped zinc oxide (AZO) have been used as front and 
rear TCO electrodes. 
Also note that all SE investigations in chapter 3.2 were done ex-situ, i.e. every data point corresponds to an 
individual sample. 
3. Results and discussion 
3.1. Validation of the ellipsometric model 
Fig. 1 (left) shows the SE model used to extract the film properties from the ellipsometry data fit. The 
Bruggemann Effective Medium Approximation (B-EMA) modelling the µc-Si:H layer is built from an amorphous 
and fine-grain polycrystalline silicon [13] as well as a void fraction representing actual voids, areas of low density 
and hydrogen inclusions. The amorphous fraction has been modelled by a Tauc-Lorentz oscillator with four fitting 
parameters. A slightly different model for ultra-thin amorphous silicon with a small crystalline fraction was 
proposed by [12] using an EMA consisting of only an amorphous and polycrystalline fraction. However, to take the 
strong inhomogeneities of the ultra-thin µc-Si:H layers in this work into account, a void fraction as additional fit 
parameter had to be included. The obtained µc-Si:H microstructure model in Fig. 1 (right) is in accordance with [14, 
15] and assumed to be characterized by void centers (orange areas) between imperfectly merged amorphous islands 
(light blue areas separated by voids in the incubation region) and cone-shaped crystallites (hatched areas) in the 
a-Si:H tissue of the microcrystalline material.  
The suitability of this method, resulting in a Mean Square Error (MSE) of ~5, was validated by SEM and Raman 
spectroscopy regarding the film thickness and crystallinity. The results are shown in Fig. 2. The SEM picture (left) 
shows the film sequence ITO, µc-Si:H, a-Si:H and c-Si substrate from top to bottom. The exact a-Si:H thickness has 
been measured before the µc-Si:H deposition via SE. Subtracting this a-Si:H thickness from the one of the 
a-Si:H/µc-Si:H stack measured before the TCO deposition gives the µc-Si:H thickness which is in good agreement 
with the thickness obtained from SEM (13.1 nm and 12.7 nm respectively). Therefore, the applied model is 
validated regarding the film thickness. 
The additional validation of the film crystallinity has been done by comparing the crystalline fraction determined 
by SE and the Raman crystallinity, defined as  
 
  
Fig. 2. (left) Cross-section picture of the device stack from top to bottom: ITO, µc-Si:H, a-Si:H, c-Si taken via SEM. The measured area defines 
the µc/a-Si stack with an average thickness of 23.3 nm determined by three measurements; (right) Crystallinity of intrinsic SiTFs deposited at 
different pressures. The crystallinity was measured via Raman spectroscopy (squares) and SE (triangles)..  
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where IC and IA stand for the peak integral in the Raman scattering spectrum corresponding to crystalline and 
amorphous tissue, respectively. To determine these integrals, the relevant spectrum was fitted using Gaussian 
functions at about 380 cm-1, 480 cm-1, 500 cm-1 and 520 cm-1 [16, 17]. SiTFs with different crystalline fractions and 
a thickness of 15 nm have been deposited by a variation of the process pressure which is known to have a strong 
influence of the crystalline growth [18]. An a-Si:H surface layer of > 30 nm was deposited onto the cSi wafer before 
the µc-Si:H deposition. The results of the film crystallinity from SE and Raman are compared in Fig. 2 (right). It can 
be seen that the Raman crystallinity shows the same trend but significantly higher values as compared to the 
crystallinity obtained from SE. However, this can be explained by the fact that with Raman spectroscopy only the 
first nanometers are probed which is in contrast to the crystallinity obtained from SE which represents the average 
crystallinity of the whole layer. 
For the laser used for the Raman spectroscopy (wavelength of 355 nm) the penetration depth dpen in the 
microcrystalline material amounts to only about 10 nm. This value represents the average from dpen = 10.5 nm in 
a-Si:H and dpen = 9.5 nm in c-Si material. Since the photons must enter, interact with and leave the layer to be 
detected, only a surface layer of about half the penetration depth, i.e. ~5 nm, can be measured at this wavelength. 
Consequently, the Raman crystallinity quantifies only the stronger crystallized part of the layer close to the surface 
(see Fig. 1). To determine the average crystalline fraction, SE is therefore more suitable. The fact that the Raman 
and SE crystallinity show the same trend however enables a valid comparison between deposited µc-Si:H layers 
using SE. Note that the actual film crystallinity can additionally differ from the results obtained from both the 
Raman and the SE measurement as and crystallite sizes have not properly been taken into account [19]. To do so 
more detailed measurements using XRD and/or TEM would be necessary. 
3.2. Structural evolution of µc-Si:H 
Fig. 3 summarizes the most important findings derived from the SE measurements of samples deposited with 
various durations and hydrogen flows. Fig. 3a shows the thickness dependence of the film’s crystallinity as well as 
the corresponding deposition time for hydrogen flows of 625 sccm (low R = 99.59 %) and 1000 sccm (high 
R = 99.74 %). In the following the growth behavior of the SiTF is subdivided into three distinctive intervals. The 
intervals [I-III] in Fig. 3 refer to the high R µc-Si:H data and are slightly shifted in position and width for the low R 
material. For comparison, data for a-Si:H (R = 91,7 %) are shown in Fig. 3b/c as well. 
 
Structural properties: 
In the early stage of deposition (interval [I]), an amorphous incubation layer is being formed on top of the 
amorphous buffer layer. The optical constants n and k (Fig. 3b) show extremely low values indicating a reduced 
material density [20]. This behavior could be explained by a dominant island growth in the initial stage resulting in a 
non-coalesced film. Interval [II] features a strong increase in crystallinity as well as in n and k suggesting the 
transition to a more homogeneous film growth. In interval [III], a more uniform change in the crystallinity can be 
observed while the optical constants reach their saturation value, indicating a completely developed film regarding 
the density. As a dense film is essential for a high effective doping and hence good electrical properties (shown 
below), the convergence of n and k towards a final value presents an important observation allowing inference on 
the electrical properties for ultra-thin µc-Si:H based on e.g. an ellipsometric measurement at only one wavelength. 
However, the wavelength at which the optical constants are being evaluated has to be chosen carefully as different 
wavelength intervals can be affected by different factors. Firstly, it is known that the hydrogen content induces a 
shift in the peak position of the dielectric function of a-Si:H [21] and therefore in n and k. Since the investigated µc-
Si:H contains a significant portion of amorphous material, a similar effect can be assumed. For n and k, the peak is 
close to 400 respectively 300 nm as shown in Fig. 3 (right). This means k405 lies directly within the peak perimeter 
and is therefore strongly affected by shifts in its position. Due to the distance of more than 200 nm to the peak center 
however, n633 is significantly less influenced. Secondly, for the investigated SiTFs k(λ) runs towards 0 with 
increasing wavelength of incident photons (λ) in the range between 300 and 600 nm. This results in the convergence 
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of the k curves thereby effectively reducing possible differences induced by e.g. different film densities. Hence, the 
evaluation of the latter based on k is less precise, especially for higher wavelengths. 
As a consequence, a reliable and meaningful evaluation of the SiTF density should be done using the refractive 
index n at preferably high wavelengths in the shown spectrum between 250 and 1000 nm. Further discussion of the 
results will therefore be based on n633 as most one-wavelength ellipsometers are using this wavelength. 
Consequently, following the dependence of n633 on the film thickness in Fig. 3b for the low and high R, a strong 
variation of the material density below 8 nm can be observed. For a-Si:H on the other hand, n633 shows this decrease 
due to a reduced material density only for thicknesses below 5 nm. It can thus be stated that the crystallinity of thick 
films is higher for higher R. However, this higher crystallinity comes at the cost of a reduced material density. This 
is not the case for the purely amorphous layers for which a closed film is obtained for significantly smaller 
thicknesses. 
 
Optical properties: 
Fig. 3c quantifies influence of the experimental n and k values on the simulated (OPAL [22]) photocurrent which 
is lost by the parasitic absorption and reflection at the front side. Beside the result for the low and high R µc-Si:H 
layers, the results for a-Si:H and c-Si front layers are shown as well as a function of the individual layer thickness. 
Basically, it can be seen that the current loss caused by the front layer decreases for higher crystalline fractions and 
lower film thicknesses. For thick layers (~15 nm) the difference amounts to about 1.6 and 0.8 mA/cm² for c-Si and 
high R µc-Si:H compared to the a-Si:H front layer, respectively. However, it has to be kept in mind that below about 
8 nm, the better optical properties of µc-Si:H are attributed rather to the high void fraction than to the film 
crystallinity. The two different µc-Si:H processes result in layers with almost identical optical behavior. The slightly 
  
Fig. 3. (left) (a) Evolution of the µc-Si:H film crystallinity and (b) its optical constants n(633 nm) and k(405 nm) from SE measurements for 
two different hydrogen dilution ratios R compared to values for a-Si:H. (c) Simulated photocurrent density loss Jloss in a-Si:H, low R/high R 
µc-Si:H or c-Si front layers. n and k for a-Si:H and µc-Si:H were measured for each point and kept constant (from literature) for c-Si. The 
different film thicknesses were achieved by deposition time variation on substrates covered by ~2 nm amorphous oxide. The connecting lines 
serve as a guide to the eye; (right) Optical constants n and k for a-Si:H and µc-Si:H high R as a function of the wavelength. 
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increased Jloss (~0,1 mA/cm²) of low R µc-Si:H for higher thicknesses can be attributed to the lower crystalline 
fraction. 
However, to minimize the parasitic absorption a minimum layers thickness has to be applied in any case. Thus, 
for maximizing the efficiency a trade-off between the optical and electrical losses [1, 23] will be observed for 
µc-Si:H as well. It should be noted that besides lowering the parasitic absorption in the SiTF itself the reduction of 
the refractive index n with increasing R (Fig. 3 right) allows for a better coupling of light from the TCO into the 
layers underneath which has a positive influence on Jloss as the losses due to reflection are reduced as well. 
3.3.  Doping and implementation of µc-Si:H(n) in SHJ rear emitter structures 
To develop a highly selective contact for SHJ structures, the efficient integration of dopant atoms into the 
material is essential. Whereas a-Si:H features a poor doping efficiency resulting in a relatively high defect formation 
during the PECVD of doped layers, µc-Si:H promises better properties due to its partial crystalline material if used 
as doped contact layer to the c-Si absorber and TCO. However, the detrimental influence of dopant atoms on the 
crystallization of silicon, especially for boron, is a known problem [24]. To quantify this influence, the doping 
precursor gases PH3 and B2H6 have been added in different concentrations to the high R µc-Si:H process gases. 
Subsequently, the resulting layers have been characterized by SE. 
 
Influence on film crystallinity: 
The dopant-induced drop in the film crystallinity is shown in Fig. 4 (left) for two different amorphous surfaces 
(a-Si:H and SiOx). On one hand n-type doping with PH3 results in a gradual decrease of the crystallinity, on the 
other hand a strong breakdown for B2H6 concentrations in the range of 15-50 ppm of the total gas can be observed. 
The latter can be explained by the bonding angle fluctuations induced by boron atoms in a-Si:H [25]. The resulting 
disorder potentially interferes with the crystallite formation. While the influence of p-doping is independent of the 
surface, the oxide surface gives rise to significantly higher crystalline fractions for n-doping. Further investigations 
of the µc-Si:H growth on a crystalline silicon surface (not shown here) resulted in even higher crystalline fractions 
due to epitaxial growth, indicating a strong relationship between the surface order and the crystallinity of the 
deposited layer. 
 
  
Fig. 4. (left) Crystallinity of a 15 nm SiTF deposited with highly hydrogen diluted process gas (high R) as a function of the PH3 and B2H6 
concentration, respectively; (right) Implied and external voltage at 1 sun condition for different gas doping concentrations before annealing 
(b. A.) and after annealing (a. A.) of SHJ rear emitter test structures using 15 nm of highly crystalline µc-Si:H(n) as front layer and ITO 
electrodes on both sides. The dashed lines serve as guide to the eye. 
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Electrical properties of µc-Si:H(n): 
Due to the potentially high crystalline fraction of n-type µc-Si:H it has been chosen as front layer in SHJ rear 
emitter test structures to meet the high requirements on the transparency of the front side contact. By varying the gas 
phase doping concentration during the µc-Si:H growth and comparing the injection level dependent implied and 
external open-circuit voltage (VOC) of µc-Si:H samples with those using highly doped a-Si:H(n) as front layer, the 
electrical performance of µc-Si:H(n) front contacts and the required gas phase doping concentration can be 
investigated in the early stage of contact optimization with little effort [26]. The n-doped layers serve as a Front 
Surface Field (FSF) with a p-doped a-Si:H rear emitter and both sided ITO electrodes to allow for voltage 
measurements. The implied and external voltages have been determined using the QSSPC [27] and Suns-VOC [28] 
method, respectively. Note that to evaluate the general performance of a highly crystalline and dense µc-Si:H, a film 
thickness of 15 nm has been chosen. The results before (b. A.) and after (a. A.) an annealing step of 15 minutes at 
180 °C in air are shown in Fig. 4 (right). Before annealing (triangles) a significant drop in both implied and external 
VOC can be observed for doping concentrations below 15 ppm. This indicates a defect-rich a-Si:H/c-Si interface (i.e. 
poor chemical passivation) due to e.g. ITO sputter damage and an insufficient effective doping of the µc-Si:H(n) 
layer, resulting in a lack of field effect passivation. The supposedly higher effective doping for higher gas doping 
concentrations and hence stronger field effect however seems to reduce the sputter damage influence for above 
30 ppm. After the annealing step (circles), very high implied and external VOC of above 720 mV over the complete 
doping range can be observed. This effect can be explained by the reduction of a-Si:H/c-Si interface defects and the 
electrically active integration of previously inactive phosphor atoms into the µc-Si:H structure. Consequently, both 
the chemical and field-effect passivations are improved with annealing especially for the low gas phase doping 
below 30 ppm. By comparing the µc-Si:H samples to the a-Si:H references it becomes clear that a similar contact 
quality at 1 sun illumination condition has been achieved for both contacts after annealing. It should also be noted 
that for a-Si:H the required gas phase doping concentration is at least a factor 100 higher as compared to the µc-Si:H 
films. This indicates a more efficient incorporation of the doping precursor for the high R films as compared to 
a-Si:H. 
 However, to properly evaluate the TCO / doped SiTF / c-Si contact properties, a larger illumination range has to 
be taken into account if only the behavior of the Voc is investigated [26]. This is shown for an a-Si:H reference and a 
µc-Si:H sample referring to the data point at 12.4 ppm gas doping concentration after annealing in Fig. 5. It can 
clearly be seen that while both structures show excellent surface passivation qualities resulting in implied voltages 
(interconnected symbols) at 1 sun well above 720 mV, the discrepancy between implied and external VOC (dashed 
lines) is significantly smaller for µc-Si:H structures at higher illuminations. Also, the onset of an inflection point due 
to the Schottky contact behavior can only be seen for a-Si:H(n) at around 200 suns. This consequently speaks for a 
higher effective doping and hence better contact selectivity [26] of the used µc-Si:H(n) even for PH3 gas doping 
concentrations as low as ~12.4 ppm.  
3.4. Contact formation of µc-Si:H(n) in SHJ front emitter structures 
The investigation of µc-Si:H(n) as front emitter contact to different TCOs and for different thicknesses can yield 
different results compared to those previously discussed. Especially the reduction of the µc-Si:H(n) film thickness 
was predicted to have a huge impact on the electrical performance based on the SE analysis of intrinsic µc-Si:H in 
chapter 3.2. Therefore, further investigations using different TCOs and reduced film thicknesses are essential to 
fully evaluate the potential of such layers for their implementation in SHJ solar cells. 
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ITO vs. AZO as TCO electrode: 
With sputtered AZO being an indium free electrode material, it provides a potentially cheap alternative to the 
usually applied ITO. To evaluate the suitability of AZO as contact material to µc-Si:H(n), SHJ test structures with n-
type front emitter, p-type Back Surface Field (BSF) and either AZO or ITO electrodes have been fabricated. Again 
relatively thick (15 nm) µc-Si:H layers have been applied to demonstrate their potential. Note that all samples 
underwent a 15 minute annealing step at 180 °C in air before measurement. The results are shown in Fig. 6 (left). As 
demonstrated by the implied voltages (symbols) of above 720 mV at 1 sun, an excellent c-Si surface passivation has 
been achieved. The loss of contact selectivity evidenced by the discrepancy between implied and external VOC 
(lines) at higher illuminations due to the influence of a Schottky contact [26] is similar for both TCO electrodes. A 
slightly stronger onset of an inflection point at around 200 suns can however be seen for the structures with AZO 
electrodes. To sum it up, for thick µc-Si:H(n) layers a good contact to ITO and AZO is expected but further 
experimental investigations on cell level are required to confirm these findings. 
 
Influence of the film thickness: 
To probe the thickness dependence of the electrical film properties, the implied and external VOC of SHJ 
structures under 1 sun illumination with high R µc-Si:H(n) and a-Si:H(n) front emitter layers as well as ITO 
electrodes have been measured (Fig. 6 (right)). As predicted by the SE measurements for thin µc-Si:H layers 
(< 8 nm), the selectivity of the SHJ contact is reduced due to their low density, as evidenced by the external VOC 
dropping well below the implied VOC. Such a behavior is indicating that the SHJ provides reasonable passivation of 
the c-Si absorber but fails to extract the charge carriers from the well passivated absorber. For a-Si:H(n) a higher 
selectivity of the SHJ can be observed for layers below 10 nm which is reflected in the much lower difference 
between the implied and external Voc. This behavior is explained by the fact that a-Si:H is more homogeneous for 
such small thicknesses as shown in Fig. 3b (left) whereas the properties of the corresponding µc-Si:H films are 
dominated by the incubation layer rather than by a high crystallinity. Additionally, a stronger decrease in the implied 
VOC for thinner µc-Si:H is related to a degradation of the absorber surface passivation presumably induced by TCO 
sputter damage through the low-density material. However, for µc-Si:H(n) films above 10 nm good electrical 
properties are being observed with implied and external voltages above 700 mV. This correlates directly with the 
previously discussed findings of the ellipsometric investigations not only proving that the material density is an 
crucial factor for ultra-thin PECVD layers but also that a valid inference from the refractive index n633 extracted 
from ellipsometric data to the electrical performance in SHJ structures is possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Implied and external open-circuit voltage over a wide illumination range for 15 nm a-Si:H(n) and µc-Si:H(n) in rear emitter test structures. 
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4. Conclusions 
Using SEM and Raman spectroscopy as reference measurements, a valid SE model for ultra-thin PECVD 
µc-Si:H has been developed. Based on this model, the structural evolution of µc-Si:H as a function of the film 
thickness and the possible gain in SHJ solar cells due to its improved optical properties has been shown. An 
important finding was the very low material density of µc-Si:H for thicknesses of 8 nm and below, evidenced by the 
reduced n and k values. Whereas n-type µc-Si:H of 15 nm, i.e. highly crystalline and dense material, shows a good 
performance as contact material to the c-Si absorber and to both AZO and ITO electrodes, the reduced density of 
films below 10 nm has proven to be the most crucial problem for the engineering of doped µc-Si:H layers in SHJ 
applications. The demonstrated strong correlation between the refractive index n633 and the material density of 
a-Si:H and µc-Si:H provides a suitable approach for further optimizations of ultra-thin PECVD SiTFs.  
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